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agnetic Resonance Imaging
ssessment of Ventricular Dyssynchrony
urrent and Emerging Concepts
lbert C. Lardo, PHD, FAHA, Theodore P. Abraham, MD, FACC, David A. Kass, MD
altimore, Maryland
Despite the numerous documented benefits of cardiac resynchronization therapy (CRT), a
significant proportion of patients undergoing CRT do not demonstrate symptomatic or
morphologic improvement, triggering the search to improve targeting of this therapy. Many
studies now support direct assessment of mechanical dyssynchrony as a method to better
identify CRT responders. Among the methods used, echo-Doppler imaging has taken center
stage and is covered in other articles in this special issue; however, these methods have several
inherent limitations, and other alternatives are also being explored such as magnetic resonance
imaging (MRI). This review discusses the concepts and clinical use of MRI methods for
quantitative assessment of mechanical dyssynchrony, highlighting newer acquisition and
analysis methods and focusing on how the data can be synthesized into robust indexes of
dyssynchronous heart failure. (J Am Coll Cardiol 2005;46:2223–8) © 2005 by the
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.09.015American College of Cardiology Foundation
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mespite the well-documented beneficial effects and overall
fficacy of cardiac resynchronization therapy (CRT) (1,2),
pproximately 20% to 30% of patients receiving CRT do
ot demonstrate symptomatic improvement (3). A primary
oncern is that electrical surrogate measurements for cham-
er dyssynchrony, such as QRS duration, inadequately
dentify mechanical dyssynchrony (4) and weakly predict
oth the acute and chronic CRT response (5,6). An
lternative to the QRS complex is to examine mechanical
yssynchrony by the analysis of wall motion, and recent
tudies have shown this to be a better predictor of both acute
nd chronic improvement from CRT (7,8). Most mechan-
cal dyssynchrony analysis is based on echo-Doppler meth-
ds, which in turn are largely derived from only two-
imensional longitudinal motion data. This choice of
rientation is mainly based on practical grounds given
vailable windows for transducer placement. However, car-
iac contraction is principally circumferential, and thus
cho-based Doppler methods may not provide the most
ccurate and comprehensive assessment of global dyssyn-
hrony in heart failure. Further, the variance of repeated
-mode and Doppler two-dimensional echocardiographic
easures is fairly high owing to dependence on operator
xperience, machine settings, available acoustic windows,
nd angle of incidence effects. This can introduce noise
hen applying such approaches to the routine clinical
etting.
From the Division of Cardiology, Johns Hopkins University, Baltimore, Maryland.
r. Lardo is a consultant for Guidant Corporation. Dr. Abraham has received
onoraria from GE Ultrasound and Medtronic Corporation and is a consultant for
uidant Corporation. Dr. Kass is a consultant for the Guidant Corporation.c
Manuscript received March 1, 2005; revised manuscript received August 26, 2005,
ccepted September 8, 2005.Quantitative magnetic resonance imaging (MRI)-based
train analysis provides highly reproducible, high-resolution
hree-dimensional circumferential and longitudinal myocar-
ial activation data that are largely operator- and patient-
ndependent and thus may be better suited to characterize
yssynchronous heart failure and identify appropriate can-
idates for CRT. Although this approach has been tradi-
ionally considered for research use only and incompatible
ith implanted devices, this status is changing rapidly,
hich may have important implications for the use of MRI
s a standard method to assess CRT candidates and define
“response” to CRT.
In this review, we focus on the rationale and technical
asis for the use of MRI methods for assessment of
yssynchrony. Specifically, we highlight existing and emerg-
ng MRI acquisition and analysis methods for myocardial
yssynchrony analysis and present the various methods for
ynthesizing and converting their complex data output into
imple and sensitive indexes for dyssynchrony assessment.
astly, we will briefly update the status of CRT device MRI
ompatibility and its implications for accurate dyssynchrony
ssessment in patients after CRT implantation.
RI STRAIN ACQUISITION
ETHODS FOR DYSSYNCHRONY ASSESSMENT
ine mode MRI is an excellent imaging modality for the
ssessment of global and regional myocardial function in
atients with contractile dysfunction (9). This method
aptures multiple slices and phases of the heart to generate
hat appears to be a real-time representation of cardiac
ontraction. Global function is measured by simple volu-
etric analysis of the left ventricle, whereas regional myo-
ardial function is most commonly derived from qualitative
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MRI Assessment of Dyssynchrony December 20, 2005:2223–8all motion assessment and/or quantitative methods that
rack myocardial deformation over the cardiac cycle. Al-
hough several studies have applied MRI-based quantitative
egional function to assess myocardial dysfunction in pa-
ients with ischemic and non-ischemic heart failure, the
pplication of cine-MRI specifically to aid CRT-related
ssues (e.g., optimal patient selection, pacing protocol opti-
ization) is relatively underdeveloped. The evolution of
dvanced MRI quantitative strain pulse sequence algorithms
esigned to work with traditional cine-MRI, as well as new
ethods to analyze their output, have opened new avenues
or assessment of cardiac dysfunction. We next review the
igure 1. (A) Temporal series of images demonstrating magnetic resonanc
anels) and (B) an illustration showing the direction of myocardial strains
volution of three-dimensional circumferential strain for a normal healthy
undle branch-type conduction delay (lower panels). Time moves from le
nd temporal distribution of circumferential strain are visualized by the co
Abbreviations and Acronyms
CRT  cardiac resynchronization therapy
HARP  harmonic phase
MRI  magnetic resonance imaging
SENC  strain-encodedhortening, and yellow is lengthening or stretch. ECC  circumferential strain;
right ventricle.tatus of these existing and emerging MRI acquisition and
nalysis methods for characterizing dyssynchronous heart
ailure and their applicability for dyssynchrony assessment.
ine myocardial tagging. Magnetic resonance imaging
yocardial tagging is a technique that places non-physical
arkers (stripes or grids) inside the myocardium by manip-
lating the magnetization of the tissue using special encod-
ng pulses (10,11). These markers, called tags, appear in the
cquired images as dark lines and serve as fiducial myocar-
ial markers that move and bend with the myocardium to
hich they are linked (Fig. 1A). In addition to simplifying
he visual/qualitative assessment of cardiac wall motion
bnormalities, analysis of the relative movement of these
ags over the cardiac cycle is used to calculate local myocar-
ial motion or strain. Strain can be defined as change in the
ength per unit length—much like relative shortening.
here are three primary strains for three-dimensional de-
ormation—circumferential, radial, and longitudinal (Fig.
B)—and each can be computed. Techniques for such
ging myocardial tagging during systole (upper panels) and diastole (lower
Individual phases from the cardiac cycle showing the spatial and temporal
n heart (upper panels) and a patient with severe cardiomyopathy and left
d-diastole) to right (end-systole). During systolic contraction, the spatial
anges, where red corresponds to the neutral (end-diastolic) strain, blue ise ima
. (C)
huma
ft (en
lor chELL  longitudinal strain; ERR  radial strain; LV  left ventricle; RV
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December 20, 2005:2223–8 MRI Assessment of Dyssynchronynalysis were developed by O’Dell et al. (12) to generate
etailed four-dimensional mechano-anatomic activation
aps from MRI tagged data sets (Fig. 1C). The analytic
lgorithm (FINTAGS) has been used to characterize me-
hanical dyssynchrony in animal models (13,14) and in
umans with heart failure and intraventricular conduction
elay (15,16) (see Fig. 1C caption for details). Although the
nformation generated by this approach is comprehensive,
rocessing and analysis time is extensive, limiting its clinical
tility.
armonic phase analysis of tagged MRI. To enhance the
linical utility of myocardial tagging data acquisitions, a
apid analysis method called harmonic phase (HARP) has
ecently been developed (17) and commercialized (Diag-
osoft, Inc., Palo Alto, California). This approach shortens
he analysis time to generate regional dynamic color stain
aps/data from 1 week to under 2 min for three to four
yocardial slices. The HARP method measures the motion
rom tagged magnetic resonance images by filtering certain
igure 2. (A) Illustration showing the relationship between local strain and
f a tagged fiber in the middle would increase the tagging frequency (dens
requency. (B) Two-dimensional segmentation of the heart and mesh gen
C) complete regional strain versus time plots over the cardiac cycle for alegions in the frequency domain of the images called parmonic peaks (18,19). The resulting image is then de-
omposed into a harmonic magnitude and harmonic phase,
hich are related to the underlying anatomy of the heart
nd tag deformation, respectively. The HARP method
easures the local strain of tissue by measuring the fre-
uency of the tag lines. This can be best understood by
onsidering a segment of myocardial tissue with a tagging
attern as shown in Figure 2A. The number of tags per unit
ength is called the frequency of the tag pattern. If this tissue
ontracts, the tag lines become closer to each other and the
ag frequency increases in proportion to that contraction,
nd vice versa. Circumferential strain in a given angular
ector of each slice is then plotted during the cardiac cycle
Figs 2B and 2C).
The HARP technique has been validated and used in
everal studies to quantitatively characterize region function
n animals and patients with myocardial infarction (20).
ecently, our laboratory used a two-dimensional HARP
nalysis for characterization of the optimal left ventricular
requency for harmonic phase-based strain measurements. The contraction
tag lines) as shown in the top fiber. Stretching causes a reduction in local
n (top panel) and regional strain versus time plots over the cardiac cycle;
ents. ECC  circumferential strain.tag f
ity ofacing site for bi-pacing in a canine model of dyssynchro-
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MRI Assessment of Dyssynchrony December 20, 2005:2223–8ous heart failure (21) as well as in patients with ischemic
yssynchronous heart failure to isolate the effect of infarct
xtent and location (22).
train-encoded MRI. Although faster, HARP analysis
till requires some post-processing. A more automatic alter-
ative is strain-encoded (SENC) MRI, a new method for
irect imaging of regional strain that does not require
omplex image processing (23). The SENC imaging is
erived from a standard myocardial tagging sequence that
ags the tissue at end-diastole with a sinusoidal tag pattern
esigned to modulate the longitudinal magnetization or-
hogonal to the imaging plane. Deformations of tissue
uring systole will change the local frequency of the pattern
n proportion to the through-plane strain component. The
istribution of regional contraction (circumferential short-
ning in long-axis views or longitudinal compression in
hort-axis views) is then displayed as contrast in the images
Fig. 3, see caption for details). The SENC technique has
everal features that make it especially well suited for
ssessing dyssynchronous heart failure and CRT, in that it
rovides: 1) instantaneous real-time quantitative strain mea-
urements without the need for user intervention; 2) higher
patial resolution over standard tagging as a result of
educed tag spacing; 3) allows acquisition of both circum-
erential and longitudinal myocardial stain information; and
) application to assessment of regional function of the right
s well as the left ventricle.
Recent software tools to reconstruct and quantify SENC
mages allow real-time calculation and display of changes in
egional circumferential shortening and longitudinal com-
ression throughout the cardiac cycle. Ongoing work at our
nstitution is applying this method to cardiac CRT evalua-
ion in both animals and patients.
RI STRAIN DERIVED DYSSYNCHRONY INDEXES
nce the time-varying image of wall motion and measures
f regional contraction amplitude or phase using the MRI
ethods described in the previous sections have been
xtracted, the question then becomes how to synthesize this
igure 3. Comparison of a strain-encoded circumferential strain image (A)
nd the corresponding phase matched steady-state free precession sequencet
n a normal healthy volunteer (B). Note the uniform transmural strain
radient at the septum and left ventricular lateral wall.ich and complex data set into a simple, sensitive, and
pecific measure of cardiac dyssynchrony. The design and
onstruction of the ultimate dyssynchrony index requires
ot only the raw metric ingredients of strain, position, and
ime, but also a thorough understanding of the underlying
hysiology of dyssynchronous heart failure to help guide the
ppropriate mathematical synthesis of these metrics. In the
ollowing sections, we present various MRI strain- and
hase-based dyssynchrony indexes that we currently imple-
ent at our institution in both clinical and animal studies.
egional variance of strain. The regional variance of
train is determined from the variance of strain magnitude
btained from 28 radially displaced segments for each
hort-axis section and averaged among slices for each time
oint. This approach is most similar to many commonly
sed indexes based on tissue Doppler functional imaging
7). An alternative has been to simply count the total
umber of regional segments with delayed shortening (ex-
ressed as a percent of total regions examined) (16). There
re, however, problems with these approaches, as shown in
igure 4A. In one example, segments with delayed contrac-
ion are clustered along one portion of the left ventricular
all (upper panel), whereas in the other they are dispersed
hroughout the heart more homogeneously (lower panel). If
he times of primary contraction for each radial site are
easured and variance (or total number of delayed seg-
ents) determined, the result is identical for both examples.
ndeed, electrical activation would also be delayed and QRS
uration longer in both. Yet the impact on mechanical
yssynchrony will be markedly different, with only the heart
n which segments are clustered having discoordinate
ontraction.
egional variance vector of principal strain. An alterna-
ive approach to regional variance of strain is regional
ariance vector of principal strain, where a unit vector points
o each region and is then multiplied by a scalar, which can
e the time at maximal shortening (strain) or instantaneous
agnitude of that strain. The vector sum will only have a
ignificant magnitude if delayed versus early regions are
eographically clustered (Fig. 4A, lower panel). This type of
nalysis was first applied to MRI-based imaging by Wyman
t al. (24), and recently by Helm et al. (25), but can be easily
sed with any image in which multiple regions are assayed.
emporal uniformity of strain. Yet another method to
ndex three-dimensional dyssynchronous contraction is
alled temporal uniformity of strain (14,25). In this method,
ime plots of strain (shortening/stretching) are generated at
ach of 28 evenly distributed segments around a short-axis
lice (Fig. 4B). Each dynamic strain versus myocardial
ocation plot is then subjected to Fourier analysis and
ecomposed into zero and first-order terms. If all segments
horten simultaneously (perfectly synchronous contraction),
he plot appears as a straight line, whereas regionally
lustered dyssynchrony (i.e., territory of early vs. late acti-
ation) generates an undulating plot with higher power in
he first-order term. Shown in Figure 4C are two examples
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December 20, 2005:2223–8 MRI Assessment of Dyssynchronyorresponding to the hearts in Figure 4A. The heart with
lustered regions shows delays in one territory versus the
ther so this plot appears more or less sinusoidal. The other
eart shows more variability around the heart, yielding a
igher frequency waveform. If one applies a low-pass filter
i.e., relative amplitude of the first harmonic normalized to
he mean), then only the former will indicate dyssynchrony;
he latter will not. This approach was used by Leclercq et al.
14) and referred to as the circumferential uniformity ratio
stimate; it was recently described in more detail by Helm et
l. (25) who also reported that temporal uniformity of
train/circumferential uniformity ratio estimate compares
avorably with vector sum methods.
RT AND MRI DEVICE COMPATIBILITY
lthough new methods have substantially improved the
racticality of MRI CRT assessment, there remain a num-
er of concerns, including cost, longer examination times,
eed for complex imaging/data processing infrastructure,
nd, perhaps most importantly, inability to image patients
ith implanted devices. As discussed, the examination time
nd analysis do not need to be cumbersome, and clinical
osts have been reduced to compare favorably with compre-
ensive echo-Doppler studies. Regarding the issue of im-
ging patients with implanted devices, our laboratory and
thers have recently found that this traditional taboo is no
onger valid. Such studies have shown that animals with
hronically implanted devices can undergo cardiac myocar-
ial MRI tagging using clinically relevant gradient echo
igure 4. (A) Schematic model of hearts with delayed segments clustered
ndexes dyssynchrony, the result could be the same for both situations
ector-dyssynchrony index. Values of regional shortening (strain) or time o
re then multiplied by a unit vector pointing in that direction, and the vect
agnitude reflects dyssynchrony. (C) Determination of the temporal unifo
all motion or timing value is plotted versus location. Overall dyssynchron
f delays are dispersed through the wall (lower panel of A), the plot appea
ne derives the dyssynchrony index.equences without evidence of device malfunction, uninten-
F
rional lead heating, or prohibitive lead artifacts (26). This
eport also included data from 21 patients with implanted
evices undergoing clinically indicated MRI scans (e.g.,
usculoskeletal, neurologic, and cardiac), again finding no
omplications or indications of device malfunction. Since
hen, we have gained experience performing MRI tagging
tudies in patients with CRT devices and have been able to
uccessfully acquire high-quality MRI tagged images (Fig.
) that can be used for accurate quantitative analysis (Lardo
t al., unpublished data, 2005). Such positive findings are
ikely due to both improved MRI-compatible materials used
ne region versus spaced about the myocardium. Depending on how one
ite markedly different impacts on dyssynchrony. (B) Calculation of a
shortening are determined at various positions in the cross section. These
e summed to generate the net (gray) vector magnitude. Greater net vector
of strain or circumferential uniformity ratio estimate index. A measure of
ears as a sine-wave (analogous to the situation shown at top panel of A).
the dotted line. By determining the low-frequency content of these plots,in o
, desp
f peak
ors ar
rmity
y appigure 5. Representative images illustrating lead artifacts seen in magnetic
esonance images.
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MRI Assessment of Dyssynchrony December 20, 2005:2223–8n device construction and advanced electronic filtering that
mproves immunity to electromagnetic inference. These
dvances, combined with better understanding of the basic
hysics of device and MRI pulse sequence interactions from
xtensive phantom and animal testing, have recently all but
hattered the traditional device contraindication for MRI.
his change has clear implications for MRI-based dyssyn-
hrony and CRT assessment as the clinical utility of MRI
ay now be expanded from pre-device implantation studies
or identification of appropriate candidates to serial global
nd regional characterization of the chronic response to
RT (e.g., reverse remodeling). This represents a truly
xciting potential advance that may ultimately allow the
evelopment of a three-dimensional clinical gold standard
or assessing CRT benefits.
UMMARY
he MRI-based assessment of mechanical dyssynchrony is
easible and provides reproducible three-dimensional cir-
umferential and longitudinal and activation information.
dvances in the rapid analysis of tagged magnetic resonance
mages such as HARP and SENC and the design of novel
lobal indexes of cardiac dyssynchrony may provide a more
omprehensive method for selecting ideal candidates for
RT and help facilitate the design of optimal pacing
lgorithms. Lastly, the future ability to perform MRI
yssynchrony assessment both before and after implantation
n the same patient population may allow for clear and
tandardized definitions for “responders” to CRT.
eprint requests and correspondence: Dr. Albert C. Lardo,
ohns Hopkins University, 720 Rutland Avenue, Ross 1042,
altimore, Maryland 21205. E-mail: alardo@jhmi.edu.
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